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Synthesis, characterization and manipulation of Creighton silver nanoparticles for future 
cytotoxicity studies. 
 
Nowadays, 24% of the nanomaterial-based consumer products contain silver 
nanoparticles (AgNPs) and exploit the well-known antimicrobial properties of silver. 
Although AgNPs have a wide range of biomedical research and industrial applications, 
very little is known about their toxicity. The main goal of this study is to synthesize, 
characterize and manipulate Creighton colloidal AgNP for future cytotoxicity studies. 
These “naked” AgNPs were free from chemically aggressive capping/stabilizing agents, 
reaction byproducts or organic solvents. To achieve this goal, colloidal AgNPs were 
successfully: a) synthesized in large volumes (5 L) using a slightly modified Creighton 
method by the reduction of silver nitrate with sodium borohydride, b) characterized using 
UV-Vis absorption spectrophotometry, flame atomic absorption spectroscopy, Raman 
spectroscopy and transmission electron microscopy (spherical AgNPs of 1-100 nm in 
diameter, moderately aggregated, free of impurities and having a surface plasmon 
resonance at 396 nm), and c) size-selected (mostly AgNPs of 1-20 nm in diameter) and 
highly concentrated (5 L of 14.98 ppm down to 4 mL of 7,461.65 ppm) in a small volume 
of water with minimal aggregation using tangential flow ultrafiltration. These 
homogenous and highly concentrated, “naked” AgNPs will be used in future cytotoxicity 
studies that will establish the median lethal concentration (LC50) of AgNPs and will 
iv 
 
identify AgNPs suitable for surface-enhanced Raman spectroscopy-based biosensing 
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History of silver nanoparticles 
According to the U.S. National Nanotechnology Initiative (NNI), nanotechnology can be 
defined as “the research and technology development at the atomic, molecular, or 
macromolecular levels using a length scale of approximately 1-100 nm in any dimension; 
the creation and use of structures, devices, and systems that have novel properties and 
functions because of their small size, and the ability to control or manipulate matter on an 
atomic scale” (Nowack, Krug, & Height, 2011). 
   
a) Reflected light   b) Transmitted light  
Figure 1: The Lycurgus cup (British Museum), depicting the victory of Dionysus over the 




The use of nanotechnology was dated to 4
th
 century A.D. A classic example of 
Roman nanotechnology is the Lycurgus cup, which was one of the classes of Roman 
vessels (cage cups) used during 300 BC-640 AD. The archaeological remains showed 
that the Lycurgus cup (presently in British Museum, London) was made of glass and was 
coated with silver (300 ppm) and gold (40 ppm) nanomaterials of 50-100 nm in diameter 
and in ratio of 7:3. The unique optical property of the cup is its color change (figure 1) 
from green (when illuminated from outside) to red (when illuminated from inside) due to 
the presence of silver and gold nanomaterials (Ian Freestone, 2007). 
By definition, a nanometer is one billionth of a meter. Mike Roco (NSF, in 2001) 
described the nanometer as “a magical point on the dimension scale”. A few examples of 
biological entities with dimensions in the nano-size range are given in figure 2. Rhino 
virus 16 (Purdue news), the virus for common cold, is ~ 30 nm. Human Red Blood Cells 
(RBC) are around 7 µm (CERTH) but their protein structure units are of nano-size. 
Hemoglobin (a protein which carries oxygen in the blood stream) is 5 nm in diameter.. 
      
 
Figure 2: Diameter of different biological entities  
  
DNA (2.5 nm)  
 
RBC (7 µm) 
Rhino virus (~30 nm) 
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Statistics of silver nanoparticles-based consumer products 
Nanomaterials are present throughout the nature, in ash, sprays, dust etc. Today a 
large number of consumer products contain nanomaterials. Their range of existence 
extends from the clothes used for textile fabrics to medical devices including band-aids, 
bone coatings and surgical instruments. As indicated in figure 3, the nanotechnology 
consumer products inventory has experienced an overall increase of 379% from March 
2006 to August 2009 (i.e., from 212 to 1015 products).  
 
Figure 3: Annual increase in the total number of nanomaterial based products 
[PEN Nanotechnology Consumer Products Inventory, 2009]. 
  






Applications of silver nanoparticles 
Nowadays, silver nanomaterials are extensively used for various applications. The 
modern term “nanosilver” was embraced to describe silver nanomaterials”. According to 
the 2009 inventory of consumer products by Project of Emerging Nanotechnology (PEN), 
a majority of the nanomaterial-based consumer products contain silver nanoparticles 
(AgNPs)
 2 
(figure 4). The use of AgNPs in the fabrication of these products is mainly due 
to the antibacterial nature of silver (Nowack et al., 2011). Historically, the documented 
use of AgNP-based products began approximately 120 years ago. In 1889, M. C. Lea 
synthesized the first citrate stabilized silver colloid (Lea, 1889). 
The average diameter of these colloidal silver nanoparticles was between 7 and 9 
nm (Frens & Overbeek, 1969). Additionally, in the early 20
th
 century, silver 
nanomaterial-based medications like Collargol, Argyrol, and Protargol were available. 
They were sold as over-the-counter medications and were used to treat various diseases 
such as syphilis and other bacterial infections (Fung & Bowen, 1996). The early use of 
nanosilver as antimicrobial agent paved its role in the field of medicine and the 
manufacture of consumer products. 
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Figure 4: Total number of consumer products with specific nano-materials (PEN 
Nanotechnology Consumer Products Inventory, 2009). 
 
Even today, the majority of AgNP applications in the medical field are due to the 
antimicrobial nature of silver (Lansdown, 2010). Table 1 gives a few examples of 
medical products containing AgNPs and their applications (Chaloupka, Malam, & 
Seifalian, 2010). Silver nanomaterials are extensively used in the treatment of burns, 
various ulcers (e.g., rheumatoid arthritis-associated leg ulcers and diabetic ulcers), toxic 
epidermal necrolysis, for wound healing, in surgical mesh, coating of catheters and other 
implantable medical devices to prevent the growth of slime-containing biofilms that 
promote bacterial infection and sepsis. Several examples of nanosilver biomedical uses 
include but are not limited to bone implants and dental fillings, infusion ports, 
contraceptive devices endovascular stents, urological stents, endotracheal tubes, contact 
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lens coatings, endoscopes, electrodes, peritoneal dialysis devices, subcutaneous cuffs, and 
surgical and dental instruments (Faunce & Watal, 2010). AgNPs also have antiplatelet 
activity. The ability to retard polymerization of fibrin and further inhibition of formation 
of clot was recently reported by S. Shrivastava (Shrivastava et al., 2011). In the studies of 
Sriram et al., the biologically synthesized AgNPs showed to have anti-tumor activity 
(Sriram, Kanth, Kalishwaralal, & Gurunathan, 2010). M. J. Yacaman et al. demonstrated 
that AgNPs are effective in treating HIV1 virus by specifically binding to the gp120 







AgNPs currently find numerous other applications in consumer products. 
Samsung’s ‘Nano Silver Health System’ is an example that uses AgNPs in refrigerator 
trays, filters, air conditioners and tubing to kill bacteria and the odors they produce
10
. 
AgNPs are also added to textile fabrics, cutting boards, sunscreen lotions, personal care 
including socks, electronics like mobiles, computers, toys and filtration units. Although 
most of the AgNPs applications are related to their antimicrobial nature, AgNPs are 
utilized in various industrial and research settings that exploit their optical, catalytic, 
Table1: Medical products containing AgNPs and their applications (Chaloupka 
et al., 2010) 










Dressing for a range of wounds 
including burns and ulcers; 
prevents bacterial infection and 









Neurosurgical drain of CSF for 
hydrocephalus. Also can be 
adapted for use as shunts. 

















Wound dressings and cavity 
filler prevent bacterial 
infection. Hand gels used to 
disinfect skin in clinical and 









catheter for drug 
delivery 
Delivery of medication (e.g. 
local anesthetics or 
analgesics), peri- or post- 
operatively for pain 




electric and magnetic properties. AgNPs are incorporated in scientific imaging techniques 
like single-molecule surface-enhanced Raman spectroscopy (SERS)-based bioimaging
11
, 
electrochemical nanosensing (Guascito et al., 2008), nano PALDI- IMS (Goto-Inoue et 
al., 2010), dark field multiplex imaging for cancer cells (Hu et al., 2009) and molecule-
specific contrast agents for reflectance imaging in 3D tissues (Javier, Nitin, Roblyer, & 
Richards-Kortum, 2008). 
 
Toxicity of silver nanoparticles 
a) Effects of silver nanoparticles on public health  
In spite of their numerous applications, AgNPs have their limitations. Various types of 
toxicities including systemic toxicity, cytotoxicity and genotoxicity (Asharani et al., 
2009) are associated with AgNPs (figure 6). As a result, a lot of interest was raised and 
many current studies are dealing with the biological and environmental effects of AgNPs. 
Recently, P Asharani et al. reported that AgNPs led to the arrest of G2/M phase of 
human cell cycle along with metabolic arrest associated with oxidative stress (figure 7) 
(Asharani et al., 2009). S. M. Hussain et al. used rat liver cells as an in vitro model and 
found that AgNPs caused cytotoxicity due to oxidative stress through glutathione 
depletion and ROS production (Hussain, Hess, Gearhart, Geiss, & Schlager, 2005). The 
neuronal development in PC12 cells was found to be impaired on exposure to AgNPs as a 
result of increased oxidative stress (Powers, Badireddy, Ryde, Seidler, & Slotkin, 2010). 
AgNPs have been proved to reduce mitochondrial function and to increase membrane 
leakage on mammalian germline stem cell lines (Braydich-Stolle, Hussain, Schlager, & 
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Hofmann, 2005). AgNPs were also found to cause cytotoxic effects through DNA 
damage in human mesenchymal stem cells (Hackenberg et al., 2011). However, all these 
toxicity aspects need to find in vivo confirmation and require further investigations. 
In vivo studies were performed in Sprague- Dawley rats (Sung et al., 2011) by 
exposing rats to dry powdered AgNPs in order to assess the inhalation toxicity. The 
results suggested that AgNPs caused acute toxicity by interfering with the lung function; 
one of the proposed reasons was AgNP-induced oxidative stress. 
 The most important physical and chemical properties of the AgNPs used in the 
above mentioned toxicity studies are summarized in table (Table 2) together with the 
corresponding toxicity measures. In 2010, the U.S. Environmental Protection Agency 
(U.S. EPA) showed in several case studies that nine physical and chemical properties of 
nanomaterials (figure 5) have to be determined and reported for nanotoxicity studies. 
 
 
Figure 5: Case study conducted by U.S. EPA, listing the essential properties of silver 




                             
                                 
                          
                                      
      
        
                  
 
b) Biomedical impact of silver nanoparticles 
Toxicity mechanism of silver nanoparticles  
Though the exact mechanism by which AgNPs exert in vivo toxicity is not yet clear, it is 
believed that AgNPs cause oxidative stress (i.e., by releasing reactive oxygen species 
(ROS)) and DNA damage in human cell lines
 
(figure 7) (Asharani et al., 2009). 
Nano-protein interaction 
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• male sterility 
• Reduced neuronal 
viabilities and 
intracellular contact 








• GSH depletion 
• LDH leakage  
 Hepatotoxicity 










It was also demonstrated by Oberdorster et al. that AgNPs interfered with the 
electron transport chain in mitochondria and thus decreased the synthesis of ATP and 
increased the production of ROS. 
Bioavailability of silver nanoparticles 
Although, the penetration of AgNPs through membranes of certain in vitro cells has been 
demonstrated, the exact bio-kinetics of AgNPs in humans is not yet established. In 2006, 
Garnett and Kallinteri showed that substances smaller than 300 nm may penetrate 
through biological membranes (Garnett & Kallinteri, 2006). Therefore, it can be 
Figure 7: Mechanism of AgNP toxicity (Asharani, Low Kah, Hande, & 
Valiyaveettil, 2009)  
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hypothesized that nanoparticles in the 1-100 nm size range and with large surface area 
may penetrate through cellular membranes more rapidly than their corresponding bulk 
forms and exhibit an increase in their bioavailability. 
 
c) Environmental effects of silver nanoparticles 
The concern for AgNPs environmental effects is growing. A global nanotechnology 
review called EMERGNANO was published in 2009 by the Department for Environment 
Food and Rural Affairs (Defra), a government department in UK. This review focuses on 
the environmental aspects, the safety and risks associated with the use of nanomaterials. 
Itconcluded that low concentrations of AgNPs have harmful effects on aquatic 
invertebrates and to environment. According to Wijnhoven et al. around 300,000 kg of 
AgNPs is annually released into terrestrial and aquatic systems worldwide (Wijnhoven et 
al., 2009). Washing fabrics that contain embedded AgNPs such as socks and sport 
clothing release AgNPs into the wastewater systems and treatment plants (Benn & 
Westerhoff, 2008). Studies have shown that silver nanomaterials might inhibit the growth 
of autotrophic nitrifying bacteria necessary for the proper operation of waste water 
treatment plants. In 2010, it was reported that AgNPs combine with sulfur resulting from 
the microbial digestion of sewage to form silver sulfide nanoparticles in the sewage 
sludge (Potera, 2010). However, there is not much information about the properties, 
toxicological effects, and environmental fate of these types of silver sulfide nanoparticles. 
AgNPs also proved to be detrimental to embryos of fathead minnows, a species of 
temperate fresh water (Laban, Nies, Turco, Bickham, & Sep+¦lveda, 2010). 
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The amounts of AgNPs incorporated in paints, lacquers, textiles that enter into the 
environment is not well-known. Bioni, an USA based company is the only current 
manufacturer that incorporates AgNPs in its antimicrobial paint, which is mainly used in 
hospitals. Other commercially available antimicrobial coatings that utilize silver 
nanotechnology are Bactiguard® (Bactiguard AB, Sweden), HyProtect™ (Bio-Gate AG, 
Germany), Nucryst’s nanocrystalline platform technology (Nucryst Pharmaceuticals 
Corp., USA), Spi-Argent™ (Spire Corp. USA), Surfacine® (Surfacine Development 
Company LLD USA), and SylvaGard® (AcryMed Inc., USA). Bio-Gate AG, a medical 
technology company, produces medical and consumer products majorly with AgNPs 
(e.g., Hyprotect 
TM 
is an antibacterial plasma coating is of <200 nm size). For all these 
products, the amount of AgNPs and degradation to Ag
+
 released to environment is still 
not clear. 
Despite the fact that AgNPs may exert adverse effects on humans and the 
environment, the regulations on use of nanosilver in consumer products are not stringent. 
This is mainly due to lack of clear knowledge on their toxicities and their poor physical 
and chemical characterization. AgNPs kills microorganisms and it satisfies all the 
requirements to be a pesticide according to the Federal Insecticide, Fungicide and 
Rodenticide Act (FIFRA). This was the main point in the legal petition that was filed in 
2008 by non-governmental organizations (NGOs) like the International Center for 
Technology Assessment (ICTA), the Friends of Earth (FOE), and the U.S. Environmental 
Protection Agency (EPA), which consider nanosilver to be a pesticide and recommend its 





Most of the nanomaterial-based consumer products contain AgNPs. In spite of their wide 
range of applications, very few toxicity studies on “naked” silver nanoparticles were 
reported along with a rigorous characterization of the AgNP physical and chemical 
properties. The main scientific goal of this study was to synthesize, characterize and 
manipulate “naked” AgNPs for future cytotoxicity studies in our laboratories. 
 
Specific aims 
Aim 1: To synthesize and characterize the physical and chemical properties of Creighton 
colloidal silver nanoparticles using a combination of state-of-the-art instrumental and 
microscopic techniques. 
Aim 2: To size select and highly concentrate a large volume of “naked” AgNPs with 








Materials and methods 
a) Synthesis of silver nanoparticles 
Silver nitrate (AgNO3) and sodium borohydride (NaBH4) were purchased from Fisher 
Scientific. Autoclaved highly purified water (17.4 MΩ) was used for preparation of all 
reagents and solutions. All other chemicals were of analytical grade. 
Colloidal AgNPs were synthesized using a slightly modified Creighton method by 
the reduction of AgNO3 with NaBH4 (Trefry et al., 2010). The reaction mechanism was 
discussed in detail in (Pavel et al., 2011). Briefly, 50 mL of silver nitrate solution (1.0 x 
10
-3
 M) was added drop wise to 300 mL of sodium borohydride solution (2. 0 x 10
-3
 M) 
in an Erlenmeyer flask (figure 8A). The reaction was carried out in an ice bath with 
continuous, moderate stirring. Both reactant solutions were pre-cooled at 2±1 °C. The 
formation of colloidal AgNPs was confirmed by a gradual change in color from colorless 
to a final intense yellow (figure 8B). The stirring process was continued for another 50 
min after the addition of AgNO3 to ensure its complete reduction. The final colloidal 
suspension of AgNPs was then stored in a cool, dark environment (at 4±1°C) until use. 
The reaction was carried out in dark environment due to the light sensitive nature of 
silver. This Creighton colloid was stable for 5-6 months when stored under the above 
mentioned conditions. 
 
Theoretical yield of colloidal silver nanoparticles 
AgNO3 stock solution (5 x 10
-5 
moles) was prepared by the addition of 169.445 mg of 
AgNO3 to 1 L of autoclaved highly purified water. A 50 mL volume of this AgNO3 
solution was added to 300 mL of NaBH4 solution (22.65 mg to 300 mL of water). The 
16 
 
amount of silver in the total reaction volume of 350 mL was 5.3934 x 10
-3 
g. Hence, the 
theoretical yield of the reaction was 15.41 µg of silver x mL
-1
 of colloid (i.e., 15.41 ppm 
of silver). 
   
     B) 
Figure 8: A) Experimental setup for the synthesis of Creighton colloids B) Vial 
containing an yellow colored silver colloid. 
 
b) Characterization of the physical and chemical properties of AgNPs 
 
Ultraviolet-Visible absorption spectrophotometry (UV-VIS) 
Principle (Stern, Timmons & Rayong chang): 
When electromagnetic radiation interacts with a transparent medium, it can undergo four 
types of processes: reflection at the surface, scattering, absorption or transmission in the 
medium. In UV-Vis absorption spectrophotometry, it is the absorption of radiation in the 
UV-Vis portion of the electromagnetic spectrum that is studied. Briefly, the absorbing 




measured after the irradiation of the sample. Samples for UV-Vis spectrophotometry are 
most often liquids, although the absorbance of gases and even of solids may also be 
measured. Liquid samples are typically measured in a transparent cell (called cuvette) 
that is placed a sample holder, in between the radiation source and the photosensor. 
Typical radiation sources are xenon lamps, tungsten filaments, and deuterium arc lamps. 
The basic parts of a photosensor are a diffraction grating (e.g., monochromator or a 
prism) to separate the different wavelengths of light and a detector (e.g., photodiode or a 
charge-coupled device (CCD)) to count the number of photons at the separated 
wavelengths.  
 The resulting spectrum (i.e., a plot of its degree of absorption versus the 
wavelength of incident radiation) may exhibit a number of absorption lines at well-
defined wavelengths corresponding to the structural groups of the measured molecules in 
the sample. The absorption lines occur at wavelengths where the energy of an incident 
photon exactly matches the energy required to excite an electronic transition. In practice 
it is found that the UV-Vis absorption spectrum of most molecules consists of a few 
bands rather than sharp lines. This may be due to the fact that 
a) Molecules are closely packed in solution and exert influences on each other that 
disturb the numerous energy levels and blur the sharp spectral lines into bands. 
b) An electronic level transition is usually accompanied by a simultaneous change 
between the more numerous vibrational levels. Thus, a photon with a little too 
much or too little energy to be accepted by the molecule for a “pure” electronic 
transition can be utilized for a transition between one of the vibrational levels 
associated with the lower electronic state to one of the vibrational levels of a 
18 
 
higher electronic state. If the difference in electronic energy is E and the 
difference in vibrational energy is e, then photons with energies of E, E+e, E+2e, 
E-e, E-2e, etc. will be absorbed (Figure 9) 
 
 
Figure 9: Electronic and vibrational energy levels of a molecule 
 
The absorption bands could be used for both a qualitative (substance 
identification) and quantitative analysis (rapid comparison of absorption intensities at 
given wavelengths). The absorption process is governed by the Lambert Beer’s Law: 
    A = ε· c ·L,                                                                      (i) 
 where A is the measured absorbance, ε is the molar absorptivity or extinction coefficient 
of the sample, c is the analyte concentration or molarity, and L is the path length through 
the sample. The absorbance is determined from the logarithmic ratio of the intensity of 







Electronic levels Vibrational levels 
E 
E E-3e E+2e 
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    A = log Io/I,                                                                      (ii) 
Sample preparation: 
A disposable cuvette (Fisher Scientific) of 10.0 mm path length and 4.5 mL capacity was 
used for all UV-VIS measurements. Sample was prepared by the addition of 0.25 mL of 
colloidal AgNPs to 2.5 mL of highly purified water into the cuvette (i.e., 1:10 volume 
ratio dilution).  
Instrumentation:  
UV-VIS absorption spectra of water and AgNPs were measured using a dual-beam Cary 
50 spectrophotometer (Varian Inc.) at 1 nm intervals (figure 10). The radiation source 
was a Xenon flash lamp (80 Hz). A Czerny-Turner 0.28 m fast scanning monochromator 
(up to 24,000 nm per min) and dual Si diode detectors were utilized for spectra 
acquisition. The absorption spectrum of highly purified water was measured first and 
used for background corrections. The data was analyzed using the Origin 8 software. 
 
Figure 10:  Varian Cary 50 Bio UV-Vis for measuring surface 






In Raman spectroscopy, the sample of interest is in general irradiated with a 
monochromatic laser light, 0
~ , in the ultraviolet-near infrared spectral range. As a result 
of this interaction, the potential energy of the analyte molecules changes from ground 
state to a virtual state. Instantaneously, most molecules in the sample return back to the 
ground state by emitting a radiation of the same wavelength and energy as that of the 
incident photon, hν0. This is called the Rayleigh scattering portion of the Raman 
spectrum, and is illustrated in figure 11. However, approximately one out of one million 
photons undergo an inelastic backscattering effect, which is called the Stokes effect. In 
this case, the molecules return to the first excited state corresponding to the k
th
 vibrational 
mode, and the energy of the backscattered photon is less than that of the incident one, h 
(ν0-νk), (figure 11). Thus, the scattered radiation has a wavenumber of ( 0
~ - k
~ ). The 
difference in energy between the incident and the inelastically scattered photon is 
translated into vibrational motions characteristic to the molecular structure. The Raman 
studies presented in this thesis dealt with the Stokes portion of the spectrum. 
As illustrated by the Boltzmann distribution, a few molecules are in an excited 
vibrational state. These molecules experience similar, inelastic scattering effects upon 
laser irradiation, returning from the virtual state to the ground vibrational state (figure 





only about 1% of the molecules in the sample are in an excited state at room temperature, 
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the Anti-Stokes modes are usually observed in the Raman spectrum only at lower 
wavenumbers ( k
~  < 1000 cm
-1
). 
The Raman technique offers several important ADVANTAGES, which include 
but are not limited to the following: a) minimal or no sample preparation, b) capability of 
detecting multiple compounds within the sample at the same time (i.e., the so called 
multiplex detection), c) no major water interferences, d) no sample damage under 
optimized measurement conditions (i.e., non-invasive technique), e) increased sensitivity 
due to the use of modern detectors, and so on. 
As with any other spectroscopic technique, Raman spectroscopy also has a few 
DISADVANTAGES: a) sample decomposition under non-optimized, laser irradiation 
conditions, b) fluorescence interferences masking the Raman bands of interest, and c) low 
sensitivity for much diluted samples, in particular for biochemical molecules. However, 
some of these limitations may be removed by employing surface-enhanced Raman 
spectroscopy (SERS) and silver nanoparticles. As this is not the subject of this thesis, the 
SERS effect will not be described here. 
Stokes region               Rayleigh region       Anti-Stokes region 





















A 2 mL quartz cuvette was filled with colloidal samples and placed horizontally on the 
microscopic stage of Raman instrument. 
Instrumentation: 
The Raman spectra of the colloidal samples were measured using a Lab Ram HR 800 
system (Horiba Jobin Yvon Inc.). A holograph grating of 600 grooves mm
-1
 was 
employed in the data collection (figure 12). The samples were irradiated using a He-Ne 
laser of 632.8 nm and an output of 17 mW. The laser beam spot had a diameter of about 1 
µm and was focused on the cuvette using a high resolution confocal Raman microscope 
(high stability BX41). The microscope was equipped with a long working distance 
Olympus objective (50x), and the confocal hole was adjusted to 300 µm. The Stokes 
backscattered Raman signal of a spectral resolution of ~1 cm
-1
 was recorded using an 
open electrode thermo-electric cooled CCD detector (1024 x 526 pixels). The spectra
 
were taken in a spectral range from 100 to4000 cm
-1
 using an acquisition times of 30 s. 
The following number of cycles was used to improve the signal-to-noise ratio: 3 cycles 
for the 100-2000 cm
-1
 spectral region and 5 cycles for the 2000-4000 cm
-1
 spectral 





c) Manipulation of AgNPs by a “green” tangential flow ultrafiltration method: 
Size-selection and high concentration of AgNPs in a small volume of water 
with minimal aggregation 
 
Principle: 
TFF ultrafiltration was originally designed for the filtration of proteins and viruses but 
also proved to be effective for AgNPs (Trefry et al., 2010). TFF is an efficient way to 
separate solutions that which otherwise will be quickly plugged when processed by 
normal dead-ended techniques. Unlike the dead-end filtration process, where the feed 
passes through the membrane structure, in TFF the direction of feed flow is parallel to the 
filtration membrane (figure 13). Hence, the chances of caking are minimized as the feed 
flows along the membrane surface. This leads to the formation of a retentate, which is 
then circulated back along the membrane through the process reservoir. Approximately 1-
5% of the total feed is permeated through the membrane and ends up as filtrate. The 
remaining 95-99% is retentate. As a result, this process of recirculation results in the 
formation of a highly concentrated filtrate containing particles of a specific size and 
distribution. 





Figure 13: Working principle of TFF membrane. (KrosFlo Research II TFF system 
instruction manual, Spectrum labs Inc.)  
The driving force for the process is the trans-membrane pressure (TMP). TMP mainly 
depends on the pressure of feed, retentate and permeate.  
  




The TFF apparatus (figure 14) was assembled according to the manufacturer’s 
recommendations (Spectrum Laboratories, Rancho Dominguez, and CA). Two types of 
MidiKros® hollow fiber flow path filtration modules were employed in the process 
(membrane size of 50 nm and 100 kD, and filtration capacity of 20-200 mL). The hollow 
fiber modules had 0.5 mm ID surface area and were made of poylsulfone. C- Flex 17 and 




16 tubing were used for feeding at initial and final stages, respectively. An automated 
pressure pump of 2.3 L min
-1
 (LPM) capacity and operated at 110 V was used to pump 
the colloidal AgNPs solution through the membranes.  
Procedure: 
Original filtered colloidal AgNPs (0.2 µm filtrate) were passed through a 50 nm Midi 
Kros module (460 cm
2
) at a steady flow rate of 300 mL min
-1
 using the KrosFlo II 
Research System. The resulting filtrate, containing particles smaller than 50 nm (50f), 
was further filtered through a 100 kD Midi Kros module. A sample volume of 30 mL of 
50 nm concentrate, along with 30 mL of the filtrate were saved for analysis. This 100 kD 
(200 cm
2
) stage mainly involves volume reduction. The 100 kD filtrate, containing 
particles smaller than 100 kD (100f), and the 100 kD concentrate, having particles larger 
than 100 kD (100c), were likewise retained for analysis. The 100 kD concentrate 
obtained at this step was further concentrated using another 100 kD filter (20 cm
2
). The 
desired product, a 100 kD concentrate of AgNPs, was retained in the tubing. The end 
volume collected from the tubing was buffered by the addition of a few mL of autoclaved 
highly purified water and was passed through the filter in order to obtain 5 to 6 mL of 
concentrated AgNPs. After the completion of entire process, tubing and reservoirs were 





Figure 14: Equipment for Tangential Flow Ultra Filtration.  
(KrosFlo Research II TFF system instruction manual, Spectrum labs Inc.)  
 
Advantages of HF TFF for AgNPs: 
 Environment friendly process as it neither damages the sample nor requires 
additional solvent to eliminate toxic excess reagents and byproducts 
 Size selection and concentration of AgNPs with minimal aggregation 
 Removal of undesirable reaction-products 
 Faster and more efficient than dead end filtration 




Transmission Electron Microscopy (TEM) 
Principle: 
TEM is a microscopy that uses an accelerated electron beam to visualize very small 
features in the low nanometer and micrometer range. The extremely high resolution of 
TEM instruments is due to the small de Broglie wavelength of electrons. Briefly, the 
electron beam is generated by a filament (in general tungsten) during a thermionic 
emission process, accelerated by an electric potential, and focused using electrostatic and 




 Pa). The 
TEM instrument must be evacuated prior to the measurements to increase the mean free 
path of the electron gas interaction. The TEM specimen has to be ultrathin (around 100 
nm depending on the accelerated voltage) to permit the electron beam to go through and 
might require complex preparation specific to the investigated material. A standard TEM 
grid (copper, gold , platinum, etc.) carrying the sample has a 3.05 mm diameter ring, a 
thickness and mesh size ranging from a few to 100 µm. The sample is usually placed onto 
the inner meshed area having a diameter of about 2.5 mm. The transmitted beam contains 
information about electron density, phase, and periodicity. A TEM image is then formed 
from the interaction of the electrons transmitted through the specimen. This image may 
be magnified and focused on a fluorescent screen located inside the instrument or 
recorded on layer of a photographic film. The new generation of TEM instruments 
employ state-of-the-art CCD camera for signal detection.  
Grid preparation:  
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Samples were diluted in highly purified water if necessary. Twenty microliters of each 
sample were then deposited on 300-mesh formvar-coated gold grids (Electron 
Microscopy Sciences). Grids were allowed to dry in a desiccator and viewed within one 
day. 
Instrumentation: 
A Phillips EM 208S transmission electron microscope operating at an accelerating 
potential of 70 kV was used to visualize the nanoparticle samples before and after each 
step of the purification process. Electron micrographs were captured using a high 
resolution Gatan Bioscan camera. 
TEM image analysis: 
The tagged image files (TIF) were analyzed using the ImageJ software (Media 
Cybernetics Inc.). Automated count settings were used to distinguish the light 
background from the dark perimeter of the AgNPs. One particle was defined by a 
complete and enclosed perimeter. A minimum of 500 particles per sample were analyzed. 
The Microsoft Excel software was then used to bin and analyze the average particle 
diameter data collected from the micrographs. Finally, the Origin 8 software was used to 




Flame Atomic Absorption Spectroscopy (FAAS) 
Principle 
Flame atomic absorption spectroscopy (FAAS) is used to quantify the concentration of an 
analyte in solution by measuring the amount of light absorbed by vaporized atoms. The 
linear relationship described by Beer-Lamber’s Law is used to quantify the element of 
interest. The working principle involves the conversion of an element in solution into free 
atoms by means of thermal energy. The element is atomized by aspirating the solution 
through a nebulizer into the burner chamber. A hollow cathode lamp is used as the light 
source and a monochromator isolates the specific wavelength of light. The final data 
output, in absorbance units, is produced by the instrument’s electronics manipulation of 
the signal obtained from the detector. The extent of absorption depends on the 
concentration of the element in the analyte solution. 
Chemical Digestion: 
The AgNPs suspensions were chemically digested in preparation for the FAAS 
measurements. A quantified volume of sample was mixed with highly purified water and 
1 mL of nitric acid in a beaker. This solution was evaporated on a hot plate at 180-200˚C 
until less than 0.5 mL of solution remained. The obtained residue was quantitatively 
transferred and diluted to the desired volume with highly purified water and nitric acid 
(2% v/v).  
Sample preparation: 
All samples including the calibration standards contained 2% nitric acid (Optima grade, 
Fisher Scientific). The AgNP samples were diluted to concentrations that were within the 
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linear range of the calibration curve. A calibration curve was constructed using nine 
silver standards of 0.01, 0.03, 0.05, 0.1, 0.2, 0.5, 1.0, 1.5 and 2.0 ppm that were made by 
analytical dilutions from a FAAS reference silver standard solution of 1,000 ppm (Fisher 
Scientific). 
Instrumentation: 
A fast sequent atomic absorption spectrometer (model AA240 FS, Varian Inc.) equipped 
with an air-acetylene burner and a silver hollow cathode lamp (5 mA) was used for the 
determination of silver content within samples (figure 15). The FAAS operating 
conditions for silver were: wavelength of 328.1 nm, slit width of 0.5 nm, air flow rate of 
13.50 L min
-1
, and acetylene flow rate of 2.00 L min
-1
. The acquisition time was 5 s and a 
delay time of 3 s was incorporated between measurements. Each sample was measured at 
three different dates and in triplicates at each time. To monitor sample carry-over and 
instrument drift, a blank solution was introduced between each sample and a calibration 
standard was run every ten (10) samples. Origin 8 software was used to construct the 
calibration curve and interpret the data. 
 
Figure 15: Varian AA240FS for analyzing concentration of AgNPs (Varian atomic 





AIM 1: To synthesize and characterize the physical and chemical properties of 
Creighton colloidal silver nanoparticles using a combination of state-of-the-art 
instrumental and microscopic techniques. 
A large volume of silver colloid (5.0 L) was successfully synthesized using the Creighton 
method and characterized using visual inspection, UV-Vis absorption spectrophotometry, 
Raman spectroscopy, TEM, and FAAS. 
Visual inspection and UV-Visible absorption spectrophotometry 
The colloidal suspension of AgNPs had a characteristic yellow color (figure 8B) and 
presented an absorption maximum at 396 nm (figure 16). 
 
Figure 16: UV-Vis absorption spectrum of the Creighton colloidal AgNPs showing a 




Raman Spectroscopy characterization of the Creighton colloidal AgNPs 
The Raman spectrum of the original Creighton colloid (figure 17) presented two peaks at 
1642 cm
-1
 and 3240-3420 cm
-1
 (very broad). 
 
 
Figure 17: Raman spectrum depicting the purity of the Creighton colloidal AgNPs. 
 
Transmission Electron Microscopy (TEM) 
A representative TEM micrograph of the original Creighton AgNPs is shown in figure 
18A, top row. AgNPs appear as black, round spots on a lighter grey background. A TEM 
size histogram (figure 18A, bottom row) was then constructed in Origin 8 software by 
analyzing over 500 AgNPs from the collected TEM micrographs of the original 

































Figure 18: TEM inspection photos and TEM size histograms of (A) Original Creighton 
colloid and (B) 100 kD concentrate of AgNPs (Trefry et al., 2010).  
 
Flame Atomic Absorption Spectroscopy (FAAS) 
The amount of AgNPs produced in the Creighton method was determined through 
extrapolation using the linear regression equation of the FAAS calibration curve (figure 
100 nm 100 nm 
A) Original colloidal AgNPs B) 100 kD concentrate 
34 
 
19) and the subsequent multiplication of the obtained values with the corresponding 
dilution factors (Table 2). The FAAS calibration curve is presented in figure 19. The 
average silver concentration of three colloidal batches, which were synthesized at 
different dates, was found to be 14.98 ppm (Table 2). 
 
Figure 19:  Calibration curve of silver standards (0.01, 0.03, 0.05, 0.1, 0.2, 0.5, 1.0, 1.5 
and 2.0 ppm). 
 
Table 2: Final concentrations of original Creighton colloidal AgNPs calculated using 
FAAS calibration curve. 
Absorbance (au) Dilution factors Final Concentration (ppm) 
0.089 40 14.96 
0.138 25 14.94 
0.04 100 15.05 
Average AgNP concentration 14.98 
 
y = 0.2192x + 0.007 



















Calibration curve for silver standards 
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AIM 2: To size select and highly concentrate a large volume of “naked” AgNPs with 
minimal aggregation using a “green” ultrafiltration approach for future cytotoxicity 
studies. 
After the physical and chemical characterization, the original Creighton colloid (5L) was 
successfully ultrafiltered using a 50 nm (460 cm
2
), a 100 kD (200 cm
2
) and a final 100 
kD filter (20 cm
2
). The experiment was repeated twice and the ultrafiltration results were 
found to be very close. A schematic of the ultrafiltration process together with the images 
of the products collected in vials at each ultrafiltration step is depicted in figure 20. A 
visual inspection of the samples at the different stages in the ultrafiltration process 
showed a gradual change in color from intense yellow for the original Creighton colloid 
to dark brown for the final 100 kD concentrate (figure 20). The TEM micrograph and the 
TEM size histogram of the final 100 kD concentrate are shown in figure 18B, top and 
bottom row, respectively. The final concentration of silver in the 100 kD concentrate 
(7,461.65 ppm) was calculated using the linear regression equation of the FAAS 
calibration curve (figure 19) and the corresponding dilution factor (Table 3).  
 
Table 3: Concentration of the100 kD concentrate measured using FAAS. 
Sample Dilution factor Final concentration 
100 kD concentrate 2,500 7,461.65 ppm 





Original colloid (5L) 
50 nm concentrate 50nm filtrate 
50 nm filtration 
       100 kD  
Concentrate (4 mL)  
  100 kD filtrate 














Figure 20: Schematic representation of the tangential flow ultrafiltration process of 







AIM 1: To synthesize and characterize the physical and chemical properties of 
Creighton colloidal silver nanoparticles using a combination of state-of-the-art 
instrumental and microscopic techniques 
Visual inspection and UV-Vis absorption spectrophotometry 
The total extinction observed in the UV-Vis absorption of AgNPs resulted from the decay 
of the incident light as it hit the particles and experienced absorption and scattering 
processes. In our study, the diameter of the Creighton colloidal AgNP was smaller than 
the light source wavelength. Therefore, scattering contributions were negligible and the 
total extinction depended only on light absorbance. 





). The lone s electrons in the atoms of AgNPs (the so-called 
surface plasmon) are collectively displaced relative to the nuclei when an electrical field 
at the frequency of a light radiation is applied. A restoring electrostatic force then arises 
from the attraction between the negatively charged electron cloud and the positive nuclei. 
The Columbic attractions result in the oscillation of the electron cloud relative to the 
nuclear framework. The collective oscillations of the conduction electrons are defined as 
dipole surface plasmon resonance (SPR). For the Creighton colloidal AgNPs, the SPR 
generates an absorption maximum at 396 nm and gives the yellow color of the colloid 
(figures 16 and 8B respectively). 
 It is well recognized that the number of SPR peaks decreases as the symmetry of 
the AgNPs increases. The profile of the SPR peak is dependent on the AgNP diameter 
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distribution: the sharper the peak, the smaller the size range of AgNPs. The presence of a 
single, sharp, and symmetrical SPR peak at about 396 nm is indicative of small, spherical 
AgNPs of moderate aggregation and low polydispersity (Kelly, Coronado, Zhao, & 
Schatz, 2002) 
 The SPR peak profile allowed for the rough estimation of several other AgNP 
properties relevant to nanotoxicity studies: 
 The amount of AgNPs (c - the concentration of the absorbing species) using Beer-
Lambert law: 
A= ε c L   ……………………………… (v) 
Here, A is the measured absorbance of the SPR maximum at 396 nm (A = 1.503 a.u. from 









for Ag clusters with λmax = 400 nm (Ershov & Gordeev, 2001) and L is the path 
length through the sample (L = 1 cm in this experiment). Taking into account the atomic 
weight of silver element (107.8682 g mol
-1
), the amount of silver in this batch of colloidal 
AgNPs was determined to be 8.612 ppm. This value is not accurate as the theoretical 
amount of silver for this reaction was 15.41 ppm. As it is indicated in the FAAS section 
below, the FAAS method will overcome the limited sensitivity of the UV-Vis absorption 
method and will lead to very accurate results (average silver amount of 14.98 ppm). 
 The average diameter (D) of AgNPs using Mie theory, which gives a simple, exact 
solution to the Maxwell’s equations that describes the extinction spectra of spherical 
particles of arbitrary size: 
D = (λ
2
max Vf) / (π c ω)   ...…………………………..  (vi) 
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where λmax is the wavelength of the SPR maximum (396 nm), Vf  is the velocity of the 




), π constant is 3.14159, c is the 




), and ω is the full width at half maximum (FWHM) of 
the SPR absorption peak (62.973 nm from figure 16). The average diameter of this batch 
of colloidal AgNPs was 5.931 nm. As reflected by the TEM data (D = 10.4 nm) in the 
TEM section below, the UV-Vis absorption results did not allow for an accurate 
estimation of the average diameter of the colloidal AgNPs. However, this method 
facilitated the rapid and inexpensive selection of AgNP batches of desired properties 
(small, round AgNPs of moderate aggregation and low polydispersity) for further FAAS 
and TEM characterizations (more expensive and time consuming than UV-Vis absorption 
spectrophotometry). The colloidal AgNPs that did not present the listed properties were 
immediately discarded. 
Raman spectroscopy 
The two bands observed in the Raman spectrum of the Creighton colloid were assigned to 
the bending and stretching vibrational modes of H2O, respectively. This confirmed that 
the colloid was devoid of any impurities because no other vibrational modes were 
detected. 
Transmission electron microscopy (TEM) 
The TEM micrograph of the original Creighton colloid indicated round, moderately 
dispersed, and lowly concentrated AgNPs (figure 18A, top row). The TEM size histogram 
(figure 18A, bottom row) prepared after analyzing 500 AgNPs indicated an average AgNP 
diameter of 10.4 nm. The AgNP diameters were in the 1-141 nm range. A close analysis 
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of each individual TEM image demonstrated that the few AgNPs identified as having 
diameter in the 101-200 nm range by the ImageJ software actually represent aggregates 
of AgNPs. 
Flame atomic absorption spectroscopy (FAAS) 
The actual yield of the Creighton reaction (i.e., average silver amount of 14.98 ppm) was 
very close to the theoretical yield (i.e., 15.31 ppm). This corresponds to an impressive 
percent yield of 97% under optimized reaction conditions. 
 
AIM 2: To size select and highly concentrate a large volume of “naked” AgNPs with 
minimal aggregation using a “green” ultrafiltration approach for future cytotoxicity 
studies 
The TEM and FAAS results obtained on the ultrafiltered AgNPs were in good agreement 
with each other and demonstrated that the tangential flow ultrafiltration process (figure 
20) was efficient in the size-selection (1-20 nm diameter) and concentration of AgNPs in 
a small volume of water with minimal aggregation (from 5 L of 14.98 ppm of AgNPs 
down to 4 mL of 7,461.65 ppm of AgNPs). 
Visual inspection and Transmission Electron Microscopy (TEM) 
The dramatic change in color from intense yellow (original colloid) to dark brown (the 
final 100 kD concentrate of AgNPs) suggests that the clear 100 kD concentrate consists 
of highly concentrated yet lowly aggregated and homogenous AgNPs. The TEM 
micrographs obtained on the 100 kD concentrate sample (figure 18B, top row) confirmed 
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these observations. Furthermore, the TEM size histogram (figure 18B, bottom row) 
prepared by analyzing over 500 AgNPs of the 100 kD concentrate sample displayed no 
Percent of Total Particles bars on the right side on the graph in the larger diameter range. 
It may be concluded that most of the AgNPs or AgNP-aggregates of a diameter larger 
than 20 nm were eliminated through the ultrafiltration process. The average diameter of 
the AgNPs was 11.0 nm for the 100 kD concentrate, while the maximum AgNP diameter 
was 60.5 nm. 
Flame Atomic Absorption Spectroscopy (FAAS) 
5 L of the original Creighton colloid (14.98 ppm) was ultrafiltered down to 4 mL of 100 
kD concentrate (7,461.65 ppm). Using these values, the concentration factor for the 100 
kD concentrate of AgNPs was calculated to be approximately 500-fold (without taking 
into consideration the silver amount in the 50 nm concentrate sample). 
                     
                   
     
                 
      
        
Also, about 40% of the total number of AgNPs in the Creighton colloid was size-selected 
(1-20 nm diameter) and concentrated with the help of the 50 nm and 100 kD filters. The 
60% rest might contain larger AgNPs or AgNP-aggregates (> 20 nm diameter) as well as 
smaller AgNPs (< 20 nm diameter) that were not effectively recovered in the 
ultrafiltration process. 
                 
                   
               
                 
              





The two main goals of this project were successfully accomplished. A large volume of 
colloidal AgNPs (5L of 14.98 ppm of silver) were synthesized using a slightly-modified 
Creighton modified and concentrated in a small volume of water with minimal 
aggregation (4 mL of 7,461.65 ppm of silver) using a tangential flow ultrafiltration 
system. An excellent concentration factor (500-fold) was achieved in this study for future 
cellular dosage of these AgNPs. This final 100 kD concentrate mostly consisted of 
“naked” AgNPs of 1-20 nm in diameter that were free from chemically aggressive 
capping/stabilizing agents, reaction byproducts or organic solvents. The physical and 
chemical properties of the original colloid and the final concentrate of AgNPs were 
established by a combination of state-of-the-art instrumental and microscopic techniques 
as recommended by the U.S. Environmental Protection Agency for toxicity studies. 
These homogenous and highly concentrated “naked” AgNPs will be used in future 
cytotoxicity studies that will establish the median lethal concentration (LC50) of AgNPs 
and will identify AgNPs suitable for surface-enhanced Raman spectroscopy-based 
biosensing applications in our laboratories. 
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